Middle East and North Africa (MENA) countries face considerable challenges in achieving the sustainable development goals (SDGs). Reducing the escalating diet-related non-communicable diseases (NCDs), combatting food insecurity, and preserving environmental resources are major issues and these countries are struggling to address. The adoption of sustainable and healthy diets is proposed as a measure that would deliver both environmental and health benefits to these countries. Whether shifting to a recommended healthier food consumption pattern affects the environmental sustainability of the region needs to be investigated. This study assesses the environmental footprints-total and blue water, energy use, and greenhouse gas emissions (GHGE)-of four food groups (red meat, vegetables/beans, nuts/seeds, and fruits), shown to be associated with the burden of NCDs. Footprints of current and nutritionally recommended consumption levels were calculated, and the net savings or expenditure for each food group was aggregated across adult populations in each of 17 MENA countries. Results showed that reduced red-meat consumption would generate savings in all four footprints, while higher vegetables/beans, nuts/seeds, and fruits' consumption would yield net expenditure in those footprints. The findings demonstrate the beneficial environmental effects of reducing consumption of red meat, and the tradeoffs that would result from a simultaneous increase in consumption of vegetables/beans, across MENA countries. Further analysis is needed to elucidate the environmental footprints of other recommended changes in food consumption habits that would clarify further potential tradeoffs associated with recommended shifts in the consumption of other protective and harmful foods in the MENA region.
Introduction
The Middle East and North Africa (MENA) region is facing a constellation of challenges that include persistent food and nutrition insecurity, an unprecedented escalation in diet-related non-communicable diseases (NCDs), and depleted environmental resources, thereby negatively impacting both the health and the environment of their populations. High consumption of harmful foods and low consumption of protective foods have been shown to be associated with higher mortality from chronic diseases ailing the region (Afshin et al. 2015) . Adoption of healthy and sustainable diets has been proposed as one of the measures to improve nutritional and environmental outcomes simultaneously (UNDP 2016a).
Food consumption patterns and associated health outcomes in MENA Current food consumption patterns in the MENA region have been reported to contribute to multiple forms of dietrelated NCDs. MENA countries have experienced a nutrition transition, characterized by a shift away from traditional, seasonal, and more diverse diets rich in whole grains, fruits, and vegetables; towards a Westernized diet rich in refined cereals, animal proteins, fats, and sugars (Johnston et al. 2014) . These shifts in food consumption habits have been associated with high prevalence of overweight and obesity and diet-related NCDs (such as diabetes, cardiovascular disease, and cancers) (Popkin 2000; Sibai et al. 2010) , whereby an estimated 65% of adults in MENA countries are overweight and obese, approaching the highest rates worldwide (WHO 2011) , while 9% of children under five are overweight (https://public.tableau. com/profile/unicefdata#!/vizhome/JointMalnutritionEstima tes2016Edition/UNICEF). In addition, four MENA countries-Kuwait, Qatar, Saudi Arabia, and United Arab Emirates-were ranked in the top twenty for highest obesity worldwide in 2014 (NCD Risk Factor Collaboration 2016); three of these countries (Saudi Arabia, Kuwait, and Qatar) were also among the top 10 in diabetes prevalence worldwide in 2013, and are expected to remain so in 2035 (International Diabetes Federation 2013) . Moreover, mortality from cardiovascular diseases in MENA has been estimated to triple from 1990 to 2020 (Yusuf et al. 2001 ). In addition, the prevalence of hypertension among adults in MENA countries has been reported to range between 19.3% (in Iraq) and 42.1% (in Bahrain), while that of metabolic syndrome is between 17.4% (in Algeria) and 39.6% (in the United Arab Emirates) (Fahed et al. 2012) .
Evidence shows that unhealthy food consumption patterns in the region have significantly contributed to the above-mentioned diet-related NCDs, burdened healthcare systems, and reduced quality of life for millions. In fact, high consumption of processed meat, red meat, transfatty acids, sugar-sweetened beverages, and sodium, labeled harmful, and low consumption of fruits, vegetables and beans, nuts and seeds, whole grains, and seafood omega-3 fatty acids, labeled protective, have been associated with higher mortality from diabetes and cardiovascular diseases across all MENA countries (Afshin et al. 2015) . MENA countries have demonstrated insufficient per-capita consumption of the protective foods, well below nutritionally recommended levels, and higher than recommended percapita consumption of harmful foods (Afshin et al. 2015) .
Environmental sustainability of food consumption patterns in MENA
Available evidence suggests that current food production and consumption patterns in MENA countries are also imposing significant environmental costs, and may not be environmentally sustainable. Agriculture consumes nearly 85% of all water withdrawals in MENA countries (Sadik 2014) , a rate exceeding the global average of approximately 69% (FAO 2016c) . Agriculture occupies a third of all land area in the MENA region, roughly on par with the global figure of approximately 38% (World Bank 2016) . Agriculture and land use account for approximately 10% of total greenhouse gas emissions (GHGE) in the MENA region (FAO 2016a, b; World Resources Institute 2015) . GHGE from the agricultural sector increased by approximately 8% in the MENA region over the period 2000-2012, a rate higher than the global average of less than 2% over the same period (FAO 2016b) . Though the MENA region produces less than 3% of all global GHGE from its combined agriculture and land use activities (FAO 2016b) , this figure accounts only for agricultural production occurring within those countries and excludes the emissions associated with agricultural and food products imported to the MENA region. In fact, given that the MENA region imports large amounts of food to satisfy demand, and is notably the world's largest net importer of cereals (World Bank et al. 2009 ), sugar, and poultry (Woertz and Keulertz 2015) , the footprint associated with food imports to the region (the virtual water, GHGE, and energy footprints, to borrow the terminology of Allan (2000)) is expected to be significant. Moreover, the burden on limited and declining environmental resources is expected to increase as food production expands to feed a rising population in MENA, which will grow to approximately 604 million people by 2050 (UN 2013). Moreover, as demand rises, food imports are expected to increase, and therefore, the ecological footprint associated with MENA's food consumption is likely to increasingly fall outside its geographic borders (Woertz and Keulertz 2015) , thereby raising its virtual water, GHGE, and energy footprints.
Consumption and demand of food constitute drivers of production which, in turn, exerts its influence on environmental footprints. According to the Barilla Center for Food and Nutrition (2010), plant-based foods such as grains, fruits, vegetables, and legumes are considered both healthy and of low environmental impact, contributing more to sustainability. Conversely, animal-based foods such as animal fats and beef are associated with poor health outcomes if consumed in large amounts and require significantly more water and energy resources to produce than plant-based foods; and hence are considered less healthy and less sustainable. Thus, MENA countries are not consuming enough of the healthy and more sustainable foods, while they are over-consuming harmful and less sustainable foods, making food consumption patterns in the region both unhealthy and unsustainable. Moreover, high levels of food loss and waste totaling one-third of global food production exacerbate the negative impact on the environment, occupying land resources in the form of landfills, contributing to water pollution, and consuming natural resources that are no longer available for production (Moomaw et al. 2012) . The countries of North Africa, West, and Central Asia were responsible for 7% of global food losses and waste in 2009. Moreover, a total of 19% of all food available in the region was lost or wasted, primarily at the consumption stage, equivalent to approximately 594 kilocalories lost or wasted per person per day (Lipinski et al. 2013) .
Sustainable diets advance the Sustainable Development Goals
So far, efforts to improve food security in many MENA countries have focused primarily on increasing agricultural production with less attention to the quality and sustainability of the food supply, or to the distribution, allocation, and diversity of food consumed by the population (Meerman et al. 2013) . Issues of environmental, health-related, social, and economic sustainability have been largely overlooked. Intensive and efficient production technology, processing, and transportation have helped to make food more available, affordable, and convenient; but negatively impacted diets by making food less diverse and less healthy, and contributed to adverse outcomes for human health and the natural environment (Lang and Barling 2012) . These outcomes highlight the need for action that targets sustainability, as well as the health of populations.
Addressing the aforementioned challenges in the MENA region may benefit from changes towards healthy and sustainable food consumption patterns that are both protective of the health of populations and of environmental resources alike. Indeed, sustainable and healthy diets have been proposed as a mean to address these challenges, thereby providing MENA countries with the opportunity to join the international commitment towards advancing the Sustainable Development Goals (SDGs) (FAO 2012; HLPE 2017) .
The set of 17 SDGs adopted by the UN General Assembly in 2015 aims to address, among others, the root causes of hunger, food insecurity, and NCDs. In doing so, the SDGs have elevated ''sustainable diets'' to the forefront of the sustainability agenda (UNDP 2016a). For example, SDG 12 calls for sustainable consumption and production patterns for all products including food, with sustainability integrating both health and environmental implications of the food to be consumed. SDG 12 is directly linked to developing sustainable diets that will ensure healthy individuals and protect the environment; its targets include achievement of sustainable management and efficient use of natural resources, though not specifically those linked to food consumption. Sustainable diets are also linked to other SDGs, notably SDG 2, which seeks to end hunger, achieve food security, improve nutrition, and promote sustainable agriculture, and SDG 3, which seeks to ensure healthy lives and promote well-being for all at all ages and specifically to reduce premature death from NCDs (UNDP 2016b).
However, neither SDG 2 nor SDG 3 includes targets concerning the environmental impact of food consumption.
The Food and Agriculture Organization of the United Nations (FAO) (2012) has defined sustainable diets as those diets with low environmental impacts which contribute to food and nutrition security and to healthy life for present and future generations. Sustainable diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair, and affordable; nutritionally adequate, safe, and healthy while optimizing natural and human resources. This definition makes sustainable diets an important tool and a promising approach towards achieving the SDGs highlighted above through aiming at sustainable consumption and production patterns, food security and improved nutrition, as well as health and well-being for all populations. Sustainable diets promise important benefits for both public health and the environment. Promoting sustainable diets that take into account agricultural systems, environmental systems, food processing and safety, economic development, and nutrition is essential to move forward in promoting sustainable food consumption and production as well as health and well-being, and so help meet the SDGs.
A growing body of academic literature has explored the intersection of diet and sustainability, seeking to understand the environmental implications of nutritionally sound consumption patterns beyond a single food item; across a range of environmental impacts; and in different geographies (Capone et al. 2013; Germani et al. 2014; Green et al. 2015; Heller and Keoleian 2015; Hendrie et al. 2014; Meier and Christen 2013; Tukker et al. 2011; Vanham 2013; Vanham et al. 2013 Vanham et al. , 2016 Westhoek et al. 2014) . The environmental impact of foods or dietary patterns is most often reported in the form of ''footprint'' measures specific to an agricultural or food product, derived from a life cycle analysis (LCA). These studies have typically determined that adherence to sustainable dietary guidelines could result in substantial savings of total or blue water, energy, GHGE, and/or land use. The evidence is not universal. A systematic review of more than 60 studies reported that, across 210 scenarios assessing a switch to alternative, healthier dietary patterns, 11 scenarios resulted in an increased environmental impact (Aleksandrowicz et al. 2016) . For example, Tom et al. (2016) found that adherence to both food mix and caloric intake guidelines would result in increased blue water and energy use and GHGE in the United States, indicating that dietary recommendations may in some cases encompass tensions between nutritional and environmental sustainability. However, evidence generally supports a positive correlation between healthier dietary patterns and environmental sustainability: Aleksandrowicz et al. (2016) also concluded that shifting towards sustainable diets may reduce environmental impacts, lowering GHGE and land use by as much as 70-80% and water use by up to 50% (median reductions of 20-30% for all indicators). Similarly, a systematic review conducted by Nelson et al. (2016) of population-level dietary patterns and food sustainability in 10 countries found that adherence to selected dietary patterns including vegetarian and Mediterranean-style diets could promote better health while imposing a less negative environmental impact, as compared to current dietary intakes. However, research in this area specific to the MENA region-indeed, to the developing world-appears to be scarce (Jones et al. 2016) .
The purpose of this research is to assess the impact of shifting current food consumption patterns to a recommended one on environmental sustainability across MENA countries. It also highlights tradeoffs needed to secure the health of populations and preserve the environment in MENA. By identifying concrete outcomes that could be achieved through the adoption of nutritionally improved diets, this research seeks to help improve the localization process of the SDGs (specifically SDGs 2, 3, and 12) within the region.
Materials and methods
Changes in the environmental footprint associated with shifting food consumption to a healthier pattern across countries in the MENA region were calculated. Consumption of four food groups-red meat, vegetables/beans, nuts/seeds, and fruits-was the subject of this study. These groups were selected based on the availability of their consumption data for MENA countries, which forms the basis of the analysis; and their association with mortality from diet-related NCDs. Food groups for which consumption data were not available, or for which a clear association with mortality from diet-related NCDs has not been established within the literature, have been excluded. Current and recommended food intake figures for these food groups were derived from Afshin et al. (2015) , who reported consumption figures across most MENA countries, at the national level. Recommended intake figures were constant across countries, in line with general nutrition guidelines for adults. The amount of additional food to be consumed or excess food to be reduced from consumption was calculated in grams per person per day to achieve recommended intake levels (S1), across each of the four food groups.
This analysis encompasses four distinct environmental footprints: total (blue, green, and grey) water, blue water, energy use, and GHGE. Environmental footprint calculations were based on peer-reviewed, published data, where total and blue water footprint data (liters per kilogram of food) were taken from Mekonnen and Hoekstra (2011) ; country-level footprint data were used to calculate a simple average that could be applied across the MENA region, rather than a global average (S2). Energy use figures (MJ per kilogram) were taken from Tom et al. (2016) based on aggregation of multiple underlying studies (S3). GHGE figures (kilogram CO 2 equivalent per kilogram) were taken from Heller and Keoleian (2015) (S4). In the case of energy use and GHGE figures, global estimates were applied, because region-specific figures were not available. Per-unit footprint data were retrieved for component foods comprising each of the four major food groups indicated above.
Food group footprints were calculated as the simple average of footprints of component foods. Footprints for the red-meat food group were calculated to exclude pork products, given its limited consumption in the MENA countries due to cultural considerations. A list of food components included in each food group and their corresponding average footprints is available as S5.
The net change in environmental footprint across all metrics (total water, blue water, energy use, and GHGE) associated with shifts from current to recommended food consumption patterns was calculated. Calculations were made for an average adult, per country; multiplied by the total adult population (aged 15 ?) of the country (2015 figures) (United Nations 2013), and summed to reach a regional estimate. This study covers most MENA countries and approximately 87% of the region's adult population as of 2015. Comoros, Djibouti, Mauritania, Somalia, and Sudan were excluded due to the lack of data availability on current food consumption in those countries. Two conflictaffected countries, Syria and Yemen, are included for the sake of completeness, though available consumption data would reflect pre-conflict rather than current patterns.
1 The potential, aggregate impact of large-scale dietary changes was thus determined.
Figures of net change in consumption have been adjusted to account for food losses and waste incurred including at the retail and consumer levels, to improve the accuracy of estimated environmental impact. A standard adjustment of 19% was applied to both current and recommended consumption levels, to account for the additional food to be produced or to be saved. This adjustment was applied uniformly across all MENA countries, reflecting available evidence on food losses and waste within the region (Lipinski et al. 2013) .
Sensitivity analysis has been conducted to assess the implications of possible inaccuracies in the point estimates of per-food environmental footprints or the prevalence of food loss and waste. First, assessment of the sensitivity of results to variation in the per-unit environmental footprint figures was determined. For total and blue water footprints, the analysis builds on MENA-specific per-unit environmental footprints. As data were not available for every country considered in this analysis, a simple cross-country average was used to obtain point estimates. To test the robustness of these point estimates, the minimum and maximum values for the total and blue water footprints perfood group within the MENA region, as well as the global average footprint (Mekonnen and Hoekstra 2011) were applied; and the environmental impact of recommended dietary changes across the region was re-calculated. Next, the robustness of point estimates for energy use and GHGE footprints was tested. The analysis has built upon global per-unit footprint figures as MENA-specific estimates were unavailable. These point estimates were roughly adjusted by the ratio of MENA-to-global footprints across the available water footprints (mean, maximum, and minimum ratios for each of the four food groups in question), and the environmental impact of recommended dietary changes across the region was re-calculated.
Sensitivity analysis has also been conducted with regard to the rate of food loss and waste in MENA countries, to allow for the possibility that rates of loss and waste may differ across food groups. Two-way analyses were performed to assess the impact of plausible variation in food loss and waste rates (ranging from 0 to 40%) across pairs of food groups, for each of the four environmental footprints. Pairwise combinations considered red meat and vegetables/ beans, red meat and nuts/seeds, and red meat and fruits. Table 1 displays the total net changes in total water footprint, blue water footprint, energy use, and GHGE as a result of the recommended dietary changes, by food group (red meat, vegetables/beans, nuts/seeds, and fruits) across all MENA countries. Reducing consumption of red meat resulted in savings over baseline in terms of total water, blue water, energy use, and GHGE by approximately 78%. Increasing consumption of vegetables/beans, nuts/seeds, or fruits resulted in net expenditure for each of these environmental footprints. For vegetables/beans, the increased consumption would result in expenditures over baseline of total water, blue water, energy use, and GHGE of approximately 64%. For nuts/seeds, the increased consumption would result in expenditures over baseline of total water, blue water, energy use, and GHGE of approximately 79%. For fruits, the increased consumption would result in expenditures over baseline of total water, blue water, energy use, and GHGE of approximately 160%.
Results
Analyzing the data for paired comparisons at the regional level, reduced red-meat consumption paired with increased vegetable/beans consumption (only) would generate net savings in total water, blue water, and GHGE, but net expenditure in energy use. The red-meat-vegetables/ beans paired changes in consumption would result in savings over baseline (the combined sum of baseline for red meat and vegetables/beans) for total water of approximately 38%, for blue water of approximately 16%, and for GHGE of approximately 56%; however, the paired changes would result in expenditure over baseline for energy use of approximately 17%. Reduced red-meat consumption paired with recommended intake of nuts/seeds (only) would generate significant net savings in all four environmental footprints. The red-meat-nuts/seeds paired changes in consumption would result in savings over baseline (the combined sum of baseline for red meat and nuts/seeds) for total water of approximately 71%, for blue water of approximately 71%, for energy use of approximately 76%, and for GHGE of approximately 76%. Reduced red-meat consumption paired with increased fruit consumption (only) would generate net savings in total water and GHGE, but net expenditure in blue water and energy use. The red-meat-fruits paired changes in consumption would result in savings over baseline (the combined sum of baseline for red meat and fruits) for total water of approximately 54% and for GHGE of approximately 65%; however, the paired changes would result in expenditure over baseline for blue water of approximately 18% and for energy use of approximately 52%.
The net changes in total water and blue water, energy use, and GHGE footprints resulting from shifting to recommended dietary patterns in each of the MENA countries are shown in Table 2 . Reduced red-meat consumption was associated with the largest savings in total water, blue water, energy use, and GHGE footprints, mostly in Algeria, Egypt, Saudi Arabia, Iraq, and Syria. In fact, these five countries would jointly account for more than 65% of savings attributable to reduced red-meat consumption, across all four environmental footprints. For all MENA countries, increased consumption of vegetables/beans and fruits was associated with the largest expenditures in total water, blue water, energy use, and GHGE footprints. Changes in consumption of nuts/seeds are associated with a relatively lower magnitude of impact on environmental resources.
Looking at each environmental footprint across MENA countries, total water footprint expenditure appears to be highest in Egypt, Algeria, Morocco, and Saudi Arabia for increased vegetable/beans consumption. The largest blue water footprint expenditures were shown in Egypt, Algeria, Morocco, and Iraq for increased fruits consumption and in Algeria for increased vegetables/beans consumption.
Increased fruit consumption in Egypt and Algeria would require net blue water expenditures of approximately 6.1 and 3.2 billion liters per day, respectively, or approximately 43% of the blue water footprint associated with increased fruit consumption in the region (21.5 billion liters per day). Algeria's increased vegetables/beans consumption would require 1.7 billion liters of additional blue water per day as compared to the blue water use associated with current consumption levels, or approximately 18% of the blue water footprint associated with increased vegetables/ beans' consumption in the region (9.8 billion liters per day). The largest energy use footprint expenditures were attributable to Morocco and Algeria for increased fruits and vegetables/beans' consumption, to Egypt and Iraq for increased fruits consumption, and to Saudi Arabia for increased vegetables/beans consumption. Increased fruits consumption in Egypt, Algeria, Morocco, and Iraq would jointly account for 0.9 billion MJ of additional energy use per day, or approximately 64% of the energy use footprint associated with increased fruits consumption in the region (1.4 billion MJ per day). Increased vegetables/beans' consumption in Algeria, Morocco, and Saudi Arabia would jointly account for 0.4 billion MJ of additional energy use per day, or approximately 44% of the energy use footprint associated with increased vegetables/beans' consumption in the region (0.9 billion MJ). The largest GHGE footprint expenditures were shown in Egypt and Algeria for increased consumption of fruits and vegetables/beans and in Morocco and Saudi Arabia for increased consumption of vegetables/beans. Based on current consumption levels of nuts/seeds, only three countries (Lebanon, Syria, and Tunisia) exceed recommended levels of nuts/seeds' consumption. Table 3 shows the net changes in environmental footprints resulting from different combinations of dietary changes in each MENA country. In all countries, the combined effect of reducing consumption of red meat and increasing consumption of vegetables/beans would lead to net savings in all environmental footprints, except for energy use. Decreased consumption of red meat and increased consumption of vegetables/beans and nuts/seeds combined will continue to result in net savings in all environmental footprints except for energy use across all countries, with the exception of Libya, Morocco, and Yemen, where net expenditure in blue water is noted. Combining decreased consumption of red meat with increased consumption of vegetables/beans and nuts/seeds would result in net savings in all environmental footprints Changes that would result in net expenditure are reported in positive figures, while net savings are reported in parentheses. These figures represent net changes for a single day, assuming complete adherence to the nutritionally recommended intake of red meat, vegetables/beans, nuts/seeds, and fruits by the adult population With regard to sensitivity analysis conducted to assess the implications of possible inaccuracies in the point estimates of per-food environmental footprints, pairwise comparisons of changes in consumption in food groups across footprints are illustrative. The alternative point estimates that were applied are presented as S6A, and their corresponding net environmental impacts across the MENA region are presented within S6B. In 8 of 12 possible cases (joint total water footprint of red meat and vegetables/beans; joint blue water footprint of red meat and vegetables/beans; joint blue water footprint of red meat and nuts/seeds; joint blue water footprint of red meat and fruits; joint energy use footprint of red meat and vegetables/ beans; joint energy use footprint of red meat and fruits; joint GHGE of red meat and vegetables/beans; and joint GHGE of red meat and fruits), variation in the point estimates of per-unit footprint triggered a change in the mathematical sign of the combined footprint, reinforcing a conclusion that the results are sensitive to the point estimates applied (an illustrative result for sensitivity analysis applied to the joint total water footprint of red meat and vegetables/beans is presented as S6C).
Results of the sensitivity analysis conducted with regard to the rate of food loss and waste in MENA countries show that in only one pairwise comparison-the joint blue water footprint of red meat and fruits-did variation in the rate of food loss and waste result in a change in the mathematical sign of the combined footprint, suggesting that the results of this study are reasonably robust to the assumed rates of food loss and waste (S7).
Assessment was also made as to whether it might be possible to satisfy incremental consumption not through additional food production but rather through the use of food that would otherwise be lost or wasted. Incremental increases in consumption of fruits, vegetables/beans, and nuts/seeds could not be fully satisfied through a corresponding reduction in food loss and waste under the baseline assumption of 19% loss and waste, with a single exception: Only Jordan could, in theory, satisfy the additional consumption of fruits through a redirection of fruits that would otherwise be lost or wasted along the value chain (S8).
Discussion
To our knowledge, this study is the first to assess the impact of shifting towards healthier food consumption patterns on environmental sustainability in the MENA region. This assessment of partial dietary changes and the Countries are listed in alphabetical order environmental implications thereof is intended to generate regional data and inform decisions on dietary guidelines and policies that are both nutritionally adequate and environmentally sustainable, including identification of potential tradeoffs. This research serves as a model that could be further expanded to include the environmental impact of other protective or harmful foods, and thereby enhance the positive impact on the health and environment of the MENA population. This analysis is particularly important for the MENA region given pressing needs to make informed decisions on production and imports, and the challenges of persistent food insecurity, the high and rising prevalence of diet-related NCDs, and the depletion of environmental resources that is expected to decline further as a result of climate change. This study reports on four foods that were shown to be associated with NCDs. Foods termed harmful were associated with increased death rates from NCDs, while foods termed protective were associated with lower death rates from NCDs (Afshin et al. 2015) . Thus, the choice of the food groups was based on availability of consumption and environmental footprint data for these foods and the evidence for the association of these foods with chronic diseases. This study takes a quantitative approach to analyze the environmental impact of dietary shifts from current consumption levels to recommended intakes, to help MENA countries to understand the impact of implementing those shifts. By providing data for the MENA region, this study complements existing quantitative studies from primarily developed countries that have looked into the environmental impacts of dietary change. Moreover, this study supports the qualitative data that has been reported for the Mediterranean diet being a healthy and sustainable diet (Burlingame and Dernini 2011; Dernini and Berry 2015) . This analysis assumes that individuals would shift their food consumption patterns across these selected food groups, but does not assume that the total caloric and nutrients intake would adjust to exactly match recommended caloric intake.
This study shows that, at the regional level, shifting to healthier food consumption pattern by reducing red-meat consumption alone would generate savings in the four environmental footprints studied. This result is particularly important as it provides the evidence for the high impact on environmental savings that would benefit the MENA population from recommending decreases in red-meat consumption. From a nutritional and health standpoint, redmeat consumption is important to consider in light of the recommended 100 g/week consumption of this food group defined as the exposure level associated with the lowest level of harm (Afshin et al. 2015) . In fact, red-meat intake is strongly associated with NCD risk, including diabetes and certain cancers, particularly colorectal cancer (Afshin et al. 2015 ; International Agency for Research on Cancer 2015; Domingo and Nadal 2017), as well as cardiovascular disease (Bovalino et al. 2016 ) and heart failure in women (Kaluza et al. 2015) . Hence, it is clear that a reduction in consumption of red meat should deliver both nutritional and environmental benefits across the countries of the MENA region.
As expected, increased consumption of vegetables/ beans, nuts/seeds, and fruits, on the other hand, would generate net expenditure in all environmental footprints. In terms of magnitude of net expenditure, nuts/seeds were associated with the lowest net expenditure across all four footprints. This low consumption of nuts/seeds was previously reported to be associated with increased morbidity and mortality from coronary heart disease and diabetes (Micha et al. 2012 (Micha et al. , 2017 Afshin et al. 2015) . The highest net expenditure in blue water and energy use came from the change in fruits consumption, while increases in vegetables/beans consumption were associated with the highest net expenditure in total water and GHGE. Low consumption of fruits and vegetables is also associated with increased outcomes and deaths from cardiovascular diseases, diabetes, and certain types of cancer (Micha et al. 2012 (Micha et al. , 2017 Afshin et al. 2015) .
Considering the combined dietary change in all four food groups across the MENA region, the estimated savings in total water footprint associated with reduced redmeat consumption would exceed additional expenditure in total water footprint associated with increased consumption of all three foods (vegetables/beans, nuts/seeds, and fruits) combined. Decreasing red-meat consumption would be the only contributor to total GHGE savings, and would exceed the counterbalance in GHGE expenditure generated by the change in consumption of other food groups combined. For blue water and energy use, the combined increased consumption of vegetables/beans, nuts/seeds, and fruits would outweigh the savings associated with reduced red-meat consumption.
However, if shifts in consumption were implemented in a stepwise manner and the reduction in red-meat consumption was pursued simultaneously with increased consumption of one other food group, then the net environmental effect of these paired changes may vary and allows for identification of tradeoffs. For example, the combined result of a reduction in red-meat consumption with increased consumption of vegetables/beans would jointly result in net savings of total water, blue water, and GHGE, but net expenditure of energy use across the MENA region. This combined change in consumption of red meat and vegetables/beans may be appropriate to consider, because vegetables/beans could also compensate for the caloric and nutritional (protein) value of foregone red-meat intake. Indeed, vegetables/beans, being a rich source of protein, are considered a suitable alternative. To red meat that can compensate for the reduction in red meat in terms of proteins and energy. Alternatively, the combined result of reductions in red-meat consumption with increased consumption of nuts/seeds would jointly result in net savings across all four environmental footprints at the regional level. Finally, the combined result of a reduction in red-meat consumption with increased consumption of fruits would jointly result in net savings of total water and GHGE, but net expenditure of blue water and energy use. Comparing the environmental impact of paired comparisons, the red-meat-nuts/seeds paired change is associated with net savings across four footprints, followed by redmeat-vegetables/beans resulting in net savings across three footprints, and finally red-meat-fruits associated with net savings in only two footprints. In terms of magnitude of net impact, the red-meat-nuts/seeds paired change yields the highest net savings across all four footprints. The redmeat-vegetables/beans paired changes result in higher net savings of blue water and energy use in terms of magnitude than the red-meat-fruits paired changes; however, the redmeat-fruits paired change results in a higher net savings in total water and GHGE than the red-meat-vegetables/beans paired change.
Looking at the sub-regional level, shifting consumption across these four foods would result in savings of total water and GHGE, but net expenditure of both blue water and energy use in almost all MENA countries, with the exceptions of Jordan, where additional net savings in blue water were noted, as well as in Libya and Morocco, where net expenditure in total water was observed. The combined net result would be a median reduction over baseline in total water footprint by approximately 20% and a reduction in GHGE by approximately 45% but a median increase in blue water footprint by approximately 27% and an increase in energy use by approximately 56%. These results are generally consistent with a systematic review primarily from developed countries which studied the effect of dietary change towards healthy food guidelines and showed median reductions in GHGE and water use of approximately 20-30%; energy use was not considered in the systematic review (Aleksandrowicz et al. 2016 ). The range of potential outcomes suggests that there are opportunities for win-win outcomes if selected dietary changes are pursued.
Alternatively, if consumption patterns shift through decreasing red meat and increasing vegetables/beans simultaneously, then all MENA countries would benefit from net savings across total water, blue water, and GHGE, but net expenditure in energy use. These paired changes are advantageous in being associated with improvement in nutritional health, with generally positive environmental impact. Given the nutritional value of vegetables/beans, this paired comparison seems to be the most appropriate from both a nutritional and environmental perspective.
The results of this analysis are principally driven by current consumption levels for each of the four food groups; the per-unit environmental footprints associated with each food group; and population figures. Indeed, the largest potential impact on environmental footprints is observed in heavily populated countries including Algeria, Egypt, Iraq, and Saudi Arabia. However, even less populated countries could experience a potentially significant environmental impact resulting from dietary shifts, particularly for those food groups for which the gap between current and recommended intakes is wide, such as red meat, vegetables/beans, and fruits. In fact, all countries over-consume red meat and under-consume vegetables/ beans and fruits, on a per-capita basis; most countries under-consume nuts/seeds at the per-capita level, except Lebanon, Syria, and Tunisia. Therefore, all countries need to increase their consumption from vegetables/beans, nuts/ seeds, and fruits with the exception of the aforementioned three countries, where nuts/seeds' consumption is higher than recommended levels. The data also show that Jordan is the only country in which the combined effect of shifting to all four recommended dietary intakes would result in net savings in the blue water footprint. This result is driven by the fact that Jordanian current consumption of fruits, vegetables/beans, and nuts/seeds' falls close to recommended levels, but red-meat consumption exceeds the recommended level by a wide margin.
These collective recommended dietary changes are in line with available literature which advocates that what is 'good for you' is 'good for the environment' (Barilla Center for Food and Nutrition 2014) and that nutritionally recommended foods of plant origin often have a lower environmental impact, while animal-based foods tend to have higher environmental impact than plant-based foods (Barilla Center for Food and Nutrition 2010; Eat and Sustainia 2015) . Recommendations for sustainable diets have, therefore, often called for reduced meat consumption in favor of a plant-based diet, or, in other words, for animal protein sources that can be produced with a lower environmental footprint. The results of this study are in conformity with the literature in terms of the beneficial environmental impact of reduced consumption of animalbased foods, specifically red meat (Aleksandrowicz et al. 2016; Nelson et al. 2016) . However, the implications of increased consumption of protective foods (vegetables/ beans, nuts/seeds, and fruits) are less clear as even healthy foods require resources to produce. Adopting nutritional recommendations to consume more protective foods would require more natural resources for their production. This is of particular interest for countries with large populations, or countries that are scarce in environmental resources like water. For example, in the MENA region, water is a limiting factor for agricultural production, whereby internal renewable water resources in most countries are well below the threshold of water scarcity (1000 m 3 /capita/year) (Abdel Gelil and Saab 2015) . Tradeoffs can be considered in lieu of the reported positive health effects of the recommended foods.
These results are in accordance with studies which have shown higher environmental impact of shifts to certain types of sustainable diets depending on shifts in dietary patterns and the environmental footprints applied. In the United States, a shift from the current US diet to USDA dietary recommendations was estimated to increase energy use by 38-43%, blue water by 10-16%, and GHGE by 6-12%, mainly due to higher recommended intakes of foods such as fruits and vegetables that exhibit high resource use and emissions per calorie (Heller and Keoleian 2015; Tom et al. 2016) . A study from Germany reported that shifting to certain dietary styles such as ovolacto vegetarian and vegan diets would reduce GHGE but significantly increase blue water use; this was mainly attributed to nuts/seeds intake in these diets. The same study found, however, that adopting other dietary recommendations would reduce GHGE and blue water use (Meier and Christen 2013) . In France, substituting fruits and vegetables for red and processed meat showed no or even net-positive impact on diet-associated GHGE. This was due to the high amounts of fruits and vegetables that were needed to maintain the caloric content of the diet, and the result implies that such substitutions may be desirable for health but not necessarily for the environment (Vieux et al. 2012) . A study of the effects of adopting the Mediterranean diet also identified environmental tradeoffs: the change showed increased water demand that was largely attributed to fruits, but decreased GHGE per capita (Davis et al. 2016) .
It is important to note that achievement of improved health and nutritional benefits ought to be prioritized, with minimal environmental harm. To offset these environmental costs, changes in consumption patterns might be pursued jointly so as to offset higher consumption of protective foods with reduced consumption of harmful foods (as illustrated in the cases of red meat-vegetables/beans and red meat-nuts/seeds above). In cases, where changes in food consumption deliver improved nutrition, but at a higher environmental cost, then tradeoffs must be made. The question then is how to achieve the nutritionally necessary change with the minimal net environmental impact policy options to secure protective foods and support their consumption could be to support domestic production of varieties that are least impactful on the environment, to turn to imports as an alternative to local production drawing on scarce resources like water, or to reduce and reclaim food loss or waste within existing production systems. It is thus useful to consider the role of food loss and waste within these results, using local figures and in making recommendations to both improve food consumption and minimize environmental impact. When looking across all MENA countries, the environmental impact of dietary changes affecting a selected food group would be lower in magnitude if a lower level of food loss and waste was assumed as compared to baseline (e.g., 10% as compared to 19%). Conversely, if the level of food loss and waste was in fact higher for the selected food group than is assumed in the baseline case, then the magnitude of environmental savings or expenditures would be heightened under modified dietary patterns. If the rate of food loss and waste was higher than assumed in this analysis, then more countries, in addition to Jordan, might be able to satisfy incremental demand through redirection of otherwise lost or wasted food (S8). This result demonstrates the importance of obtaining more accurate estimates of actual food loss and waste for specific food groups of interest, and within individual MENA countries, and points to opportunities, where governments might focus to determine whether food can be recovered for human consumption at an acceptable cost.
Limitations
This study presents some limitations. It relies on regional (total water, blue water) and global (energy use, GHGE) environmental footprint figures primarily based on LCA, which may be considered a potential source of error. LCA studies vary in their assumptions, system boundaries, and data quality, which may result in non-comparable measures (Cucurachi et al. 2016) . However, such footprints remain widely used throughout the sustainability literature (Jones et al. 2016) despite ongoing debate over design and application of LCA-derived footprints (Hoekstra 2016; Chenoweth et al. 2014; Perry 2014; Garnett 2009 ). Second, LCA is optimally undertaken for specific agricultural and production systems, but available environmental footprints have most often been calculated for developed country food production systems (Jones et al. 2016) . This study has applied regional footprints for total water and blue water as available. Unfortunately, MENA country-specific environmental footprints for energy use and GHGE conducted using a single, consistent, and transparent methodology are not widely available, and global footprints are applied instead. Insofar as production methods in MENA countries is similar to those in developed countries, the use of global footprint data may be appropriate, and to the extent that they are significantly different, the use of global footprint data would introduce error into the present calculations. Furthermore, though it would be more accurate to assess the marginal environmental footprints of additional food consumption, reflecting how and where the food would be produced, this study applies average environmental footprints per-food group (Cucurachi et al. 2016 ). This consideration is relevant to this study, because the additional fruits, vegetables/beans, and nuts/seeds to be produced could not, in most cases, be sourced through a reduction in the proportion of food loss and waste within the value chain (S8). Our analysis assumes for practical reasons that marginal production would be sourced from the MENA region. If marginal demand was instead sourced from a different point of origin, environmental footprints should correctly correspond to the producing country; such estimates would require information on the marginal volumes imported from each point of origin, which is beyond the scope of this analysis. Because marginal footprint figures are not available, the inclusion of a sensitivity analysis within this paper allows for the inaccuracy of average figures.
Conclusions and recommendations
The results of this study provide evidence for the beneficial environmental effects of reducing consumption of red meat across all MENA countries. They also show that a simultaneous decrease in red meat and increase in vegetables/ beans consumption offer a good opportunity to move towards more sustainable and healthy diets in the MENA region.
Further research on the environmental impact of shifting dietary patterns that would cover more recommended food consumption patterns is needed across the MENA region, thus expanding the evidence for policy makers to revise their Food-Based Dietary Guidelines to include the dimension of sustainability, and eventually provide both health and environmental benefits to populations.
